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Photonuclear physics in radiation transport:

I. Cross sections and spectra

M.B. Chadwick, P.G. Young, and R.E. MacFarlane

Theoretical Division, University of California,

Los Alamos National Laboratory, Los Alamos, NM 87545

M.C. White and R.C. Little
X-Division, University of California,

Los Alamos National Laboratory, Los Alamos, NM 87545

Abstract

We describe model calculations and nuclear data evaluations of photonu-
clear reactions on isotopes of C, O, Al, Si, Ca, Fe, Cu, Ta, W, and Pb, for
incident photon energies up to 150 MeV. The calculations, using the GNASH
code, include Giant Dipole Resonance and quasideuteron models for photoab-
sorption. The emission of secondary particles and gamma-rays are computed
using preequilibrium theory, together with an open-ended sequence of com-
pound nucleus decays using the Hauser-Feshbach theory. The accuracy of the
calculated and evaluated cross sections are assessed through extensive com-
parisons with measured cross sections, average neutron multiplicities, and
energy-dependent emission spectra. The evaluated ENDF files facilitate radi-
ation transport studies of the importance of photonuclear reactions in a num-
ber of technologies including: photoneutrons produced in electron/photon
accelerators; shielding studies; and nondestructive detection of nuclear mate-

rials. In a subsequent back-to-back paper we describe developments to the



MCNP and MCNPX codes to utilize these data in transport simulations.



I. INTRODUCTION

Photonuclear physics has, until recently, remained a strangely-neglected subject of study
in radiation transport computations. Evaluated nuclear data files (ENDF), such as the U.S.
ENDF/B-VI cross section library (1], have not included evaluated photonuclear cross sec-
tion data, and additionally radiation transport codes have not been developed to utilize such
ENDF data except for certain ad-hoc studies [2,3]. Whilst it is true that photoneutrons typ-
ically provide only a small additional neutron source in technologies involving the nuclear
force (e.g. fission, fusion, and high-energy proton accelerator-driven spallation sources),
photoneutrons are of significant importance in technologies involving electron accelerators
and bremsstrahlung targets. In these cases, neutrons are produced primarily through the
photonuclear reaction process, and can pose a serious concern for radiation protection and
shielding. Of course, photonuclear reactions are also widely used as spallation neutron
sources for physics experiments, such as the ORELA facility at Oak Ridge National Labo-
ratory.

We present two back-to-back papers describing work at Los Alamos National Laboratory
to develop a photonuclear capability in radiation transport simulations. This first paper
describes our evaluation methods, including nuclear model calculations, used to produce
evaluated cross section data files in the ENDF format. Results are presented for photons
with incident energies up to 150 MeV on twelve isotopes of the following elements: C, O, Al,
Si, Ca, Fe, Cu, Ta, W, and Pb. These represent some of the most important materials used in
accelerator components, collimators and beam-shaping devices, beam-stops, bremsstrahlung
conversion targets, shielding, as well as elements abundant in human tissue. In the second
paper, we describe extensions to the MCNP and MCNPX radiation transport codes to utilize
" these photonuclear data in fully-coupled radiation transport calculations. The second paper
[4] also includes some validation tests, as well as comparisons with integral experiments,
to benchmark the new photonuclear capability. Earlier versions of this work have been

published in a conference proceedings (5].



There are two principal reasons why photonuclear capabilities have not previously been
included in transport codes through use of ENDF files: (1) Experimental photonuclear data
from different laboratories (e.g. data from the measurement programs at Livermore, Saclay,
and Illinois) often show discrepancies that must be resolved in the evaluation procedure; and
(2) There are few measurements of the energy- and angle-dependent spectra of secondary
particles emitted in photonuclear reactions. Most of the existing spectral measurements are
for bremsstrahlung photon sources, instead of for monoenergetic sources as required for a
complete cross section evaluation. Because a radiation transport code needs such energy
spectra information, some of the most widely-used photonuclear data compilations, such as
those of Dietrich and Berman [6] and Varlamov et al. (7], are not immediately usable in a
transport context. The present work largely depends upon nuclear model calculations to
estimate emission spectra, though these calculated spectra are consistently obtained together
with the calculated cross sections for various channels, e.g. (v,1n), (v,2n), etc., that can
be validated through comparisons with measured values.

A number of other researchers from laboratories in Japan (JAERI, Tokai), South Korea
(KAERI, Taejon), Russia (IPPE, Obninsk and Moscow State University), China (CIAE,
Beijing), and Brazil (University of Sao Paulo) are presently working on the development of
photonuclear reaction cross section data for transport applications, under the coordination of
an International Atomic Energy Agency (IAEA) Coordfnated Research Project (CRP), en-
titled “Compilation and Evaluation of Photonuclear Data for Applications” [8]. The present
work is part of this effort, and a full suite of ENDF evaluations for over 160 isotopes will be
released in 2000 on a compact disc (CD) together with documentation in an IAEA report
[9]. The following photonuclear applications were of primary concern to this project: (a)
Photoneutrons produced in medical electron accelerators used in cancer radiotherapy, for
radiation protection and dosimetry applications, and the impact of photoneutrons and pho-
toprotons on absorbed dose in the body; (b) Detection of nuclear materials (' e.g. actinides)
using nondestructive remote detection of photoneutrons, or characteristic decay gamma-

rays, following photonuclear reactions induced by photons produced by a compact electron
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accelerator or other sources; (c) Activation analyses for the production and transmutation |
of isotopes in a photon field; (d) Plasma diagnostics in fusion technologies; (e) Nuclear
astrophysics, where photonuclear reactions play an important role in stellar nucleosynthesis.

While this paper is the first work to present photonuélear reaction analyses in the ENDF
format, for use in radiation transport simulations, it is important to note that previous works
have included photonuclear reactions into transport simulation codes. These intranuclear
cascade codes compute the photonuclear reactions “on the fly” during the simulation. The
works of Alsmiller et al. [10], Gabriel [11], Fasso, Ferrari and Sala [12,13], and Mokhov et
al. [14] are particularly noteworthy. Our present approach has the advantage that one can
alm to have the most accurate possible representation of the reactions, obtained from both
experimental data and model calculations, in the ENDF file. (We note, though, that Fasso's
approach [13] is also able to utilize experimental information). The intranuclear cascade
codes have historically had the advantage that they can be used to compute photonuclear
reactions on any target material, whereas transport codes that use ENDF data files are
deﬁendent upon an evaluation existing for the materials of interest. But this advantage
is no longer an issue - the present work describes just twelve ENDF files for high-priority
materials in accelerator technologies, but the aforementioned IAEA project will soon be
issuing similar ENDF files for over 160 isotopes, which will be sufficient for essentially all
applications.

This paper is organized as follows. Section II describes the nuclear models we use to
compute photonuclear cross sections within the GNASH code. This includes photoabsorp-
tion reaction mechanisms, as well as preequilibrium and equilibrium emission mechanisms.
A model for the angular distributions of the ejectiles is also provided. Some comparisons
with measured data are given to illustrate the physics involved. Section III summarizes the
ENDF formats we use to represent the cross section data, and describes developments that
have been made to the NJOY code, for processing the data into a form usable by radiation
transport simulation codes. Section IV presents our results, including descriptions of evalu-

ation procedures, and shows figures of the important photonuclear cross sections compared
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with measured data for validation purposes. Qur conclusions are given in Section IV.

II. NUCLEAR MODEL CALCULATIONS
IIA. Photoabsorption Model

A model of photonuclear reactions must account for the different nuclear reaction mech-
anisms involved in the initial photonuclear excitation process, and the subsequent decay of
the excited nucleus by particle and gamma-ray emission. At low energies, below about 30
MeV, the Giant-Dipole Resonance (GDR) is the dominant excitation mechanism, where a
collective bulk oscillation of the neutrons against the protons occurs. At higher energies up
to approximately 150 MeV, where the wavelength of the photon decreases, the phenomeno-
logical model of photoabsorption on a neutron-proton (quasi-deuteron (QD)), which has a
large dipole moment, becomes important.

Models of photonuclear reactions typically begin with a determination of the photoab-
sorption cross section, and this can be done in one of two ways: (1) An evaluation based
on experimental data, if data exist; and (2) A model calculation of photoabsorption. These
methods are discussed in more detail below.

[f experimental data exist for the total photoabsorption cross section, they can be used
as input into most codes which model the subsequent particle emission reactions. The most
useful type of experimental data here are from photon absorption experiments which measure
the total photoabsorption cross section. For heavy nuclei, compilations of photoneutron
total cross section such as that of Dietrich and Berman [6} can be used to approximate the
photoabsorption cross sections, since contributions from photoproton reactions (and other
reactions producing complex charged particles) are suppressed by the Coulomb barrier.
However, in light nuclei this approach cannot be used since the photoproton cross section is
no longer small, and in some cases exceeds the photoneutron cross section.

An alternative way to obtain the photoabsorption cross section is to calculate it theoret-



ically as a sum of two components [15],

Tabs(€y) = 0cpr(ey) + 0on(€y), (1)

discussed in more detail below.
The GDR component, ogpr(€,), is given by a Lorentzian shape, with parameters de-

scribing the total absorption of the giant dipole resonance. A relation to be used reads
UGDR(ffy) = ZO‘,’/[I'%(E?I —Ef)Q/eif‘f] (2)
:

where 1 = 1 for spherical nuclei, and i = 1,2 for deformed nuclei which can generally be
better represented as a sum of two Lorentzians, one for each axis of deformation. E; is the
position of the GDR peak, ['; is the GDR width, and o; is the peak of the resonance cross
section, for Lorentzian 1.

The QD component, ogp(e,y), is taken from the model of Ref. [15], which uses a Levinger-
type theory. It relates the nuclear photoabsorption cross section to the experimental

deuteron photodisintegration cross section o4(e,),

sanler) = L "2 a4(er) fler). 3

Here, the Levinger parameter was derived to be L = 6.5 [13], and f(e,) is the Pauli-blocking
function, which reduces the free deuteron cross section o4(e,) to account for Pauli-blocking
of the excited neutron and proton by the nuclear medium. The experimental deuteron

photodisintegration cross section was parameterized as
oaley) = 61.2(ey — 2.224)%2/3mb. (4)

The Pauli-blocking was derived to be a multidimensional integral whose solution could be

well approximated in the energy range 20 — 140 MeV by the polynomial expression

fley) =8.3714 x 107% — 9.8343 x 107, + 4.1222 x 107%2

- 3.4762 x 107%3 +9.3537 x 107%5.  (5)



In Ref. [15] the Pauli-blocking function was not parameterized below 20 MeV, where it
tends to zero, or above 140 MeV, where it tends to unity. Still, as the contribution needs
to be defined at all energies considered, we use an exponential shape f(ey) = exp(—D/e,)
for energies below 20 MeV, and above 140 MeV, with D = —73.3 for ¢, < 20 MeV and
D = 24.2 for ¢, > 140 MeV. This form has the correct behavior in that it tends to zero at
¢, = 0, and unity for large ¢, and is continuous with Eq. (5) at 20 and 140 MeV.

Photoabsorption calculations using the above model are common [16,17,12,18]. In some
cases, authors have treated the Levinger parameter as an adjustable parameter to obtain
best agreement with measurements in the 50 - 150 MeV photon energy region.

Finally, we note a method sometimes used by evaluators to infer the total absorption
cross sections when no measured data exist, and when the absorption cross section cannot
be equated to measured photoneutron cross sections. This situation sometimes arises for
light nuclei. This method involves using a nuclear model calculation to estimate the ratio of
(7, zn) to (v, abs) cross sections; and inferring the total absorption cross section (y, abs) such
that the calculated (7, zn) agrees with measurements. This procedure has been described

in model detail in Refs. {17,13].

I1.B. Preequilibrium Emission

Preequilibrium reaction mechanisms become important for‘ incident photon energies
above 10-15 MeV. In the photoabsorption mechanisms described in the previous subsec-
tion, the initial nuclear excitation can be understood in terms of particle-hole excitations
(1plh for the GDR, 2p2h or 2plh, as discussed later, for QD processes) and thus it is natural
to use a preequilibrium theory of particle-hole excitations to describe the processes of pree-
quilibrium emission, and damping to equilibrium, during the evolution of the reaction. Such
models can be used to calculate photonuclear reactions for incident photons with energies
up to about 150 MeV, which is just above the threshold for pion production.

Semiclassical preequilibrium models, such as the exciton and hybrid models, have proved



to be powerful tools for predicting particle emission spectra with a high degree of reliability.
and in a computationally-fast manner {19,20,16,18]. Semiclassical models make use of de-
tailed balance, and phase space considerations, to calculate emission rate probabilities from
particle-hole states. By working in terms of emission rates, and not quantum mechanical
transition amplitudes, some information is lost, particularly concerning observables sensitive
to interference effects such as angular distributions and analyzing powers. Additionally, such
models typically do not account for correlations in the particle-hole excitations. However,
these deficiencies are to some extent compensated by the ease of implementation and high
predictive power of the semiclassical theories. Semiclassical Intranuclear Cascade (INC) pho-
tonuclear models have also been developed [11,13,14]. These models have much in common
with preequilibrium models. They differ, though, by following the trajectories of the excited
nucleons in coordinate and momentum space (semiclassical preequilibrium models usually
just follow the excitations in energy space), and by assuming that free nucleon-nucleon scat-
tering cross sections can be used for in-medium nucleon scatterings. In practice, it is only
the semiclassical preequilibrium models that have been implemented for photonuclear reac-
tions, and the quantum multistep preequilibrium models [21] have not yet been extended
for calculating these processes.

Two works in particular have demonstrated the usefulness of semiclassical preequilibrium
models in describing photonuclear reactions: Wu and Chang’é paper [19] on an exciton
model; and Blann’s studies [20] using the hybrid model; both of which utilize a Weisskopf-
Ewing evaporation theory to describe the subsequent equilibrium decay. Wu and Chang
used an initial 2p2h state in the preequilibrium cascade, while Blann argued that the two
holes are correlated through the QD mechanism, and therefore can be approximated as one -
degree of freedom, i.e. a 2plh initial state. Also, calculations by Ryckbosch et al. [22]
indicated a preference for an initial 2plh state when analyzing emission spectrum data at
60 MeV.

For the present work, the GNASH code has been developed to include a preequilibrium

cascade following the excitation of particle-hole states in photoabsorption, using a master-
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equation exciton model with an initial 2plh state. Additionally, multiple-preequilibrium
emission processes, where more than one fast preequilibrium ejectile is emitted in the re-
action, are included using the theory of Ref. [23]. For both primary and multiple preequi-
librium emission, the neutron-proton distinguishability factors were modified to reflect the
initial particle-hole type appropriate for the QD mechanism (i.e. of the two particles, one

is a neutron and the other a proton).

II.C. Compound Nucleus Equilibrium Emission

Following the possible emission of preequilibrium particles, the remaining nuclear system
reaches equilibrium, after which it decays by sequential particle or gamma-ray emission until
the residual nucleus ground state is reached.

Generally, the calculation of these equilibrium decay processes do not present any partic-
ular theoretical difficulties. The Hauser-Feshbach theory is applied, which includes angular
momentum and parity conservation, and accounts for the fact that an El-photon brings in
one unit of angular momentum. The principal uncertainty entering these calculations is in
the. input information needed to compute equilibrium decay rates: nuclear level densities,
optical model transmission coefficients and inverse reaction cross sections, and gamma-ray
strength functions. The IAEA Reference Input Parameter Library (RIPL) [24] provides
extensive guidance on the choice of these quantities. Additionally, we have been able to use
many of the input parameter sets developed for our analyses of neutron and proton induced

reactions on these same targets for the LA150 library [25].

II.D. Angular Distributions

A knowledge of the angular distribution of the ejectiles in photonuclear reactions is
essential for radiation transport studies, but the GNASH code in its basic form yields only
angle-integrated results. In nucleon-induced reactions, the Kalbach systematics [26] have

been widely used for obtaining double-differential emission spectra. They are particularly
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attractive for use in evaluation work since for each emission energy one need only specify the
preequilibrium fraction (fysp) for the angular distribution to be defined, allowing a compact
representation of angle-energy correlated cross sections. However, as originally formulated
they cannot be applied in photonuclear reactions. Ideally, for applications it would be
useful to parameterize measured angular distributions in monochromatic photon-induced
reactions in the quasi-deuteron and giant dipole resonance (GDR) regimes, but an extensive
experimental data set does not yet exist (larger amounts of experimental information exist
for incident photons with a bremsstrahlung spectrum, but these data are not directly usable).

Below we summarize an applications-oriented method [27] for determining continuum
photonuclear angular distributions for emission of light particles (n, p, d, ¢, 3He, and «) for
energies up to 150 MeV. Based on theoretical considerations by Chadwick and Oblozinsky
(23] for the angular forward-peaking in preequilibrium reactions, Kalbach's 1988 angular
distribution systematics [26} for a neutron projectile are modified for use in photon-induced
reactions. This results in photonuclear angular distributions which are less forward-peaked
than their nucleon-induced counte’rparts in the quasideuteron regime, due to the small mo-
mentum carried by a photon. In the GDR regime, a simple approximation of isotropy is

assumed.

I1.D.1 Giant-Dipole Region

At present, no general prescription is available for nuclear data evaluators for describing
the angular distribution of secondary particles emitted in photonuclear reactions in the GDR
regime. Experimental angular distributions for emitted nucleons from such collective exci-
tations often show a dipole shape (peaking at 90-degrees), but nuclear structure effects are
important in determining the detailed angular distribution and it is not clear that accurate
systematics can be developed to describe them.

One of the main problems is that most measurements are for an incident bremsstrahlung
spectrum, and not for monoenergetic photons. This is a problem because angular distribu-

tions are incident-energy dependent, and are also angle-energy correlated (i.e., the angular
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distribution varies for different secondary emission energies). Given this situation. two op-

tions appear available for evaluators:

1. Include angular distribution information based on available measured data

2. Assume isotropy in the GDR regime, for simplicity

The evaluations described in this paper follow the latter approach, except for carbon and
oxygen where information from measurements is available and is used. It is hoped that for
most applications, this is a reasonable starting point, and hopefully future work will result

in a more accurate angular distribution representation within ENDF files.

II.D.2 Quasideuteron Region

Chadwick et al. [27] presented an approach for calculating the angular distribution of
secondary ejectiles emitted in photonuclear reactions in the quasideuteron regime. The
approach made use of the theoretical basis for the forward-peaking parameter “a” in the
Kalbach systematics (originally developed for nucleons) [16,28], which was found to be de-
pendent upon the momentum of the projectile. The low momentum of photons, compared
to nucleons of the same energy, results in angular distributions which are much less forward-
peaked than their nucleon counterparts.

This approach, which is presented below, allows evaluators to make use of the Kalbach
-systematics developed for nucleon projectiles, with a straightforward modification to the

“q”-parameter.

II.D.3 Recommenced Systematics for Use in Evaluations

We recommend the applications-oriented method (Ref. [27]) to calculate continuum angu-
lar distributions of light particles (n, p, d, t, SHe, and «) produced in photonuclear reactions
based on Kalbach’s 1988 systematics and the theoretical considerations given in Ref. [28].
The procedure for obtaining photonuclear angular distributions for a photon of energy <

150 MeV in (v, y) reactions, where y may represent all light ejectiles with mass <4, is:
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e Determine the a parameter for (n,y) reactions, for an incident neutron with energy

E.,. from Kalbach's 1988 systematics.

o Obtain the photon-projectile a using:

a = a’[\/ Einc/2m] [min(4, maz(1, 9.3/@))], (6)

where the a” parameter is taken from Kalbach’s 1988 paper [26] for an incident neu-
tron of the same energy as the photon projectile. The first modification factor to a”
accounts for the lower photon momentum compared to a neutron, while the second
factor approximately accounts for differences in refraction effects, and an upper limit of
4 for this correction to prevent it becoming unphysically large at low emission energies

27).

o Apply this a value in the following formulae:

d’o _ gcz
dedQ) ~ de

(1~ Fuso(@) 5= + Fusn(©)9(6)] )

where farsp(¢) is the fraction of the emission spectrum at emission energy ¢ coming
from preequilibrium processes. An isotropic distribution for the non-precompound

contribution is assumed. The quasideuteron angular distribution shape is given by:

g(8) = ! —-—2—9——exp(a cos ). (8)

T 4dmes — g0
In the present work, the above angular distribution systematics are used as a sampling
distribution function in the MCNP and MCNPX Monte Carlo transport code (see Ref. [4]
for more details). An attractive feature of the angular distribution Eq. (8) is that it can
be integrated analytically, so that angles can be sampled in a Monte Carlo approach using
a closed-form expression. The probability of a particle being scattered to an angle 8 is
proportional to g(6)sin(#). To sample from this distribution, it must be integrated from

f=0 to 8" - the sampled value for 8 corresponds to the value of ' for which the integral
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equals a random number R chosen between zero and unity. This then gives a sampled theta

as:
6' = arccos [In[exp(a) — R(éxp(a) ~ exp(—a))]/a] . (9)

Therefore, to Monte Carlo sample the angular distribution Eq. (7), two random numbers
must be chosen: (1) to determine whether an isotropic distribution (the first term in Eq. (7))
or a forward-peaked distribution (the second term in Eq. (7)) is to be used, dependent on
whether or not the random number is below the value of fyrgp(€); (2) to sample an isotropic

distribution, or a forward-peaked distribution using Eq. (9).

IL.E. Illustrative Comparisons with Experiment

A difficulty in testing photonuclear reaction theories that model nucleon emission spec-
tra is the lack of experimental data to compare the model predictions against. While pho-
toneutron and photoproton emission spectra from bremsstrahlung photon sources are not
uncommon, such measured spectra from monoenergetic (“monochromatic”) photon inci-
dent beams are sparse. A few monoenergetic photon-induced experiments do exist though
[29,22], and in addition, quasi-monoenergetic photon-induced spectra have been inferred
using the difference-technique, where two bremsstrahlung-induced emission spectra, with
different end-points, are subtracted to approximate the spectrum due to a monoenergetic
source. These measurements are described in more detail below.

One way to circumvent problems in validating emission spectra calculations given the
lack of differential monoenergetic photon-induced measurements, is to test the theoreti-
cal predictions of partial exclusive reaction channels (e.g. (v,1n), (v, 2n), etc), along withv
neutron emission multiplicities, against experimental measurement. These measurements
indirectly test the calculated emission spectra. This is because the energy-dependence of
the calculated photon emission spectra strongly influences the exclu_sive reaction channels

populated, by energy balance. An example is shown in Fig. 1, for photons incident on
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208Ph, The GNASH calculation is seen to describe the partition of the absorption cross sec-
tion amongst the (v, 1n), (7,2n), (v,3n) channels well. This particular example illustrates
another difficulty that one faces when analyzing experimental measurements - discrepancies
between data measured at different laboratories. In this case we have adopted Berman's
view [30] that the data from Saclay should be renormalized down by 7 % and that the older
data from Livermore should be renormalized up by 22%.

As an illustrative example of the use of neutron emission multiplicities to test the model
calculations, Fig. 2 shows calculated average multiplicities for neutron emission compared
with the measurements of Lepretre et al. [31]. There is a nice discussion in Lepretre’s paper
[31] commenting on the slope of the average neutron multiplicity curve, which is worth
repeating: If preequilibrium emission did not occur, each emitted neutron would require
approximately 10 MeV (separation energy plus evaporation kinetic energy), and so the
multiplicity curve would increase at a slope of 1 unit for every 10 MeV incident energy. The
data in Fig. 2 show such a steep slope at the lowest incident energies, but for higher energies
a much smaller slope occurs due to the higher kinetic energy carried by preequilibrium
ejectiles. These data, therefore serve to indirectly validate that calculated emission spectra.

Figure 3 shows measured fast and slow multiplicities at an incident photon energy of
70 MeV [31], compared with calculations (shown for all energies up to 150 MeV). The fast
multiplicity refers to the preequilibrium particles, while the slow multiplicity refers to the
compound nucleus particles, and the calculations are seen to describe the correct partition-
ing of ejectiles among preequilibrium and equilibrium emission, and between neutrons and
protons. These measurements are invaluable for testing the preequilibrium modeling in the
calculation, since direct measurements of the nucleon emission spectra from monoenergetic
photons do not exist, for lead. The large Coulomb barrier in lead is responsible for the excess
of fast preequilibrium neutrons compared to protons; at the highest energies the differences
are reduced. In general the slow neutron multiplicity is much larger than the fast multi-
plicities, since preequilibrium decay accounts for at most the first two emissions, with the

subsequent sequential particle decays coming from compound-nucleus emission.
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Figure 4 shows an example of calculated 60 MeV proton emission spectra at 90-degrees
compared with data [22], for the *0Ca(y, zp) reaction at 60 MeV. The angular variation
was obtained using the approach described above and in Refs. [16,27). The calculated
photoproton emission spectrum describes the measurements well. This is important because
there are very few sets of measured emission spectra data for monoenergetic incident photons
to test the theory. Other tests of the calculated emission spectra were presented in Ref. [27],

using the carbon experimental data of McGeorge et al. [29].

III. ENDF FORMATS AND NJOY DATA PROCESSING

The evaluations provides a complete representation of the nuclear data needed for trans-
port, damage, heating, radioactivity, and shielding applications over the incident photon
energy range from threshold up to 150 MeV. The evaluation utilizes “MT=5" to represent
all reaction data. For readers who are not ENDF afficionados, this means that inclusive
production cross sections are represented, rather than individual exclusive reaction chan-
nels. This approach is considered adequate for most applications, and was adopted because
it becomes impractical to represent each of the many exclusive channel cross sections for
higher incident energies. Furthermore, this procedure was used in our work on neutron and
proton evaluations up to 150 MeV [25], and is recommended by Koning’s Nuclear Energy
Agency subgroup [32].

Production cross sections and emission spectra are given for neutrons, protons, deuterons,
tritons, alpha particles, gamma rays, and all residual nuclides produced (A;5) in the reaction

chains. To summarize, the ENDF sections used are:

file-3, MT'=5 Photoabsorption (total nonelastic) cross section

file-3, MT'=5 Multiplicities (yields) for production cross sections, and energy-angle distri-
butions for emission neutrons, protons, deuterons, tritons, alphas; and angle-integrated

spectra for gamma rays and residual nuclei that are stable against particle emission.
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The angle-energy correlated emission spectra for the light (A<4) ejectiles make use of
the approach described above in Sec. I1.D.3., i.e. an enérgy~spectrum is tabulated together
with a preequilibrium fraction fysp for each emission energy. This compact representation
allows the angular distribution to be sampled in the Monte Carlo code, the a parameter
having been provided by the NJOY code (see below).

The exclusive cross sections for (7, 1n), (v, 2n), (7, 3n), (7, 1p), (7, 2p), etc., are not given
explicitly as réactions with MT = 4, 16, 17, 103, 111, respectively. These cross sections are
readily available, however, from the multiplicities tabulated for the various residual nuclei
corresponding to the above reactions. Such cross sections are very useful for comparing with
experimental data, such as is given in the compilation by Dietrich and Berman [6].

The above approach was used for all our evaluations except carbon and oxygen. Because
direct neutron and proton emission processes that leave the residual nucleus in its ground
state are particularly important in these nuclei, the (,n0) and (v, p0) channels were explic-
itly represented using MT=50, and MT=600, respectively, and angular distributions were
provided using Legendre polynomials. The cross section after these direct reactions have

been accounted for was represented using MT=5 as described above.

IV. RESULTS

In this section our results our presented for photonuclear reaction evaluated data for
reactions on Pb, W, Ta, Cu, Fe, Ca, Si, Al, O, and C. The descriptions for each target
nucleus includes a summary of the assumptions made during the evaluation procedure.
Because of space limitations, for the most part we only compare the calculated results with
experimental data for the absorption cross section (v, abs) and the total neutron production

cross section (v, zn).
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IV.A. Lead

For photonuclear reactions on the lead isotopes, there are systematical differences be-
tween some of the important measurements of neutron production. Specifically, the results
from Saclay are significantly higher than those from Livermore. Berman [30] concluded that
the earlier Livermore measurements on lead [33] were too low. We have adopted Berman's
view that the Saclay data [34] need to be renormalized down by 7%, and the Livermore
data [33] for lead need to be renormalized up by 22%. The absorption cross section calcu-
lated from a Lorentzian form in the GDR regime was modified on the low-energy tail where
deviations from experimental data are seen. Above the GDR, in the QD regime, we then
evaluated the absorption x/s up to 150 MeV based on experimental data [35] and model cal-
culations [15]. The resulting absorption cross section for ?®®Pb is shown in Fig. 5 compared
with measurements.

GNASH model calculations were subsequently used to compute the individual channel
cross sections, the total secondary particle production cross sections, and the secondary
ejectile spectra. Illustrative figures showing the individual (v, 1n), (v, 2n), (v, 3n), etc cross
sections were given in Section IL.E. Our evaluations for neutron production for 2678Pb are

in good agreement with (renormalized) data [33,34,36,35], see Fig. 6

A. I'V.B. Tungsten

For tungsten we have produced an evaluation just for the major isotope, 3*W. However,
our evaluation can be adopted for a representation of elemental tungsten since it is in good
agreement with elemental measured data. The calculated photoabsorption cross section was
based upon GDR Lorentzian and QD parameters chosen to agree with the elemental tungsten
photoabsorption cross section from Saclay [37]. This also resulted in good agreement with
the measurements of Gurevich [38]. At the higher energies, use was made of the total

tantalum absorption cross section data of Lepretre et al. [35] to guide the quasideuteron
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model calculation of the absorption cross section, giving a Levinger parafneter of L=6.7.
(No such data exists for W, but we expect W and Ta experimental data to be similar). The
evaluated absorption cross section is shown in the upper graph of Fig. 7 for incident energies
up to 150 MeV. Good agreement was obtained for (y,1n) and (7,2n) calculated with GNASH
compared to the elemental tungsten experimental data from Saclay [37]. Our calculation of
the total photoneutron production compared with the elemental data from Saclay is shown

in the lower graph of Fig. 7.

B. IV.C. Tantalum

Photonuclear reactions on tantalum have been studied recently by Lee, Fukahori, and
Chang [18]. Lee et al. [18] noted that the Saclay data [39] and the Livermore [40] data are
discrepant, and that the discrepancy has been studied by the Sao Paulo group [41,42]. They
concluded that the Livermore multiplicity is correct, while the Saclay sorting erroneously
interpreted (v,2n) events as two (v,1n) events. However, the magnitude of the Livermore
data is too low, by a factor of 1.22. Using these arguments, Lee derived newly reanalyzed
“experimental” data - the Saclay (v,1n) and (v,2n) data are modified, as is the (y,abs) data,
but the (v,3n) and (v,xn) Saclay data remain unchanged. Lee'’s paper fits GDR parameters
to the newly constructed photoabsorption data, and uses the quasideuteron absorption model
[15] with a Levinger parameter of L=6.5, which fits Lepretre’s data well {35,15].

In the present evaluation, we make use of the reanalyzed Saclay measurements of Lee
(18], and use their values for the photoabsorption GDR and QD parameters. The measured
(v,1n), (v,2n), (v,3n), (v,2n) data are used to validate the GNASH calculations, which
are found to describe these data well. The absorption cross section and the total neutron
production cross section are shown in Fig. 8, compared with the Saclay data as reanalyzed
by Lee et al.. Data of Lepretre [31], for the total emitted neutron multiplicity, were used to

test the model calculations, for incident energies up to 150 MeV (Fig. 9).
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C. IV.D. Copper

Our evaluation is for the major copper isotope, 83Cu. No data exist for the total ab-
sorption cross section. However, data do exist for the photoneutron cross section [43], and
the GNASH code predicts the ratio of (v, abs) to (v,n) and (v, p). Thus, we relied on the
GNASH code to infer the absorption cross section in the GDR regime, so as to model accu-
rately the Fultz (y, zn) measured data [43]. However, based on previous studies that have
concluded that the Livermore data are systematically too low, we have renormalized up the
Livermore Fultz data by a factor 1.17 below 35 MeV. This led to agreement with Varlamov's
photoneutron data {44,45] at the peak of the Giant Resonance. The total absorption cross
section above the GDR, up to 150 MeV, was taken from quasideuteron model calculations
[15].

The (v, 1n + np) calculated data were in fairly good agreement with those of Fultz x 1.17
[43], Varlamov [44,45], and Martins [46], though were on the high side of the measurements
near 23 MeV. Likewise, the (v,2n) calculated data were low at 23 MeV compared to the
Fultz x 1.17 measurements, but these two defects compensated each other and the (v, zn)

calculated results agreed with the data, see Fig. 10.

D. IV.E. Iron

Very little measured photonuclear data exist for Fe, or even natural iron. Thus, spher-
ical Lorentzian parameters for the GDR were taken from Kishida's systematics [17], based
on the work of Berman, Carlos, and others. This gave £=18.2 MeV, ['=6.6 MeV. The GDR
peak cross section was evaluated to be 89. mb so that the GNASH calculated (v, 1n) cross
section at 17.5 MeV gave 63 mb in agreement with data of Costa [47], as tabulated in Var-
lamov’s Photonuclear Data Index [48]. Furthermore, the absorption peak of 89 mb is in good
agreement with the measurement of Dolbilkin [49] who obtained 90 mb, see Ref. [48]. To the

GDR absorption component was added a quasideuteron component from model calculations,
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with a Levinger parameter of 6.5 taken from theory [15]. Figure 11 shows the evaluated ab-
sorption and single photoneutron cross sections compared with these measurements. The
sharp rise in the photoneutron cross section seen at 11.2 MeV in Fig. 11 corresponds to that
channel’s threshold; at lower energies photoabsorption leads to the emission of protons and

alpha particles.

E. IV.F. Calcium

The photoabsorption cross section was evaluated based on the data of Ahrens [30], that
extend up to 150 MeV. At 60 MeV, the value for the absorption cross section was consistent
with that used by Ryckbosch et al. [22]. Measurements [22] of the inclusive photoproton
spectra for 62 MeV Ca(y,xp) at 90-degrees were shown in Fig. 4.

The total photoabsorption cross section is used as an input into the GNASH calcula-
tions. These calculations then predict the branching to photoneutron, photoproton, etc.
emission. The calculated photoneutron production was compared with measurements of
Veyssiere [51]. The calculations, after a level density adjustment for %Ca, predicted the
(v,xn) data of Veyssiere [51] reasonably well, with the exception of the 25-30 MeV region
where the calculated photoneutron production appears to be about 20% too high (Fig. 12.
This illustrates a weakness in the model calculation capability, where adjustment of input
level density parameters within reasonable physical ranges still did not yield consistency

with the measured data above 25 MeV.

F. IV.G. Silicon

The analysis of photonuclear reactions on light nuclei using a Hauser-Feshbach code can
pose some problems because of the role of isospin conservation. For light nuclei, where
the Coulomb interactions are relatively small, the isospin quantum number is expected to
be conserved at a relatively high level in nuclear reactions. In the case of isospin T = 0

targets, such as 2Si as well as **O and '2C discussed below, this has the consequence that
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alpha particle emission should be strongly suppressed for low photon energies because of
isospin conservation. This is because the photon projectile has T = 1, the emitted alpha
particle has T = 0, and therefore T = 0 states in the final nucleus after alpha emission
cannot be populated. For targets of 8Si, 180, and *C, the corresponding residual nuclei
after alpha emission are 2*Mg, 2C, and ®Be respectively, and these nuclei have T = 0 states
at low excitation energies, and only have T = 1 states that can be populated via isoépin
conservation at higher energies.

Because of these considerations, it is to be expected that a Hauser-Feshbach code such as
GNASH, that does not include isospin conservation, would largely overpredict alpha emission
for photon energies just above the alpha emission threshold. In our analyses of #Si, 60, and
'2C, this indeed was the case. We solved the difficulty in an ad-hoc manner by artificially
suppressing alpha particle emission in our GNASH calculations, so as to adequately predict
the measured magnitude of the main competition decay processes, i.e. neutron and proton
emission. We note that no general purpose Hauser-Feshbach code that includes isospin
conservation is available, to our knowledge, though we have studied ad-hoc modifications to
the GNASH code to include the necessary Clebsch-Gordan isospin coupling coefficients [52].

In our evaluation of silicon the photoabsorption cross section was based on the elemental
data of Ahrens [50] that extends up to 30 MeV, with a result that closely follows the
evaluation by Lee et al. described in Ref. [9]. The GNASH model calculations predicted
secondary neutron emission that was in good agreement with measurements [51,53-55] of

1n -+ np neutron emission, as shown in Fig. 13.

G. IV.H. Aluminum

The photoabsorption cross section was evaluated based on the data of Ahrens [50], that
extend up to 150 MeV. However, above about 35 MeV, the evaluation used difectly the-
oretical predictions from the quasideuteron model [15]. Between approx. 30-40 MeV, the

evaluation underpredicted the Ahrens absorption data. This was done since the evaluated
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neutron production in this energy range, based on GNASH predictions, somewhat over-
predicted the photoneutron production measurements (see below), and it was felt that it is
important to have as accurate as possible predictions of photoneutron production; increasing
the absorption cross section here would lead to a worse discrepancy with the photoneutron
production data.

The GNASH calculations gave an accurate representation of measured data at the GDR
peak (21 MeV): a neutron production of about 15mb in agreement with Refs. [56,51}; a
proton production about 16 mb (experiment = 17.5 mb [48}); and an alpha production of 11
mb, with the sum adding up to 41 mb as predicted by Ahrens [50]). Our default calculations
used the A=20-40 level density systematics of Grimes, and gave reasonably good agreement
with measurements at the GDR peak, but the parameters were subsequently modified,
through changing the pairing and shell shifts, so better account for the data. After this, the
same set of parameters were used for all incident energies.

The calculated results were compared with measurements from Refs. [56,51] of 1n and
2n neutron emission (or more precisely, 1n+1np cross sections, and 2n+2np cross sections,
since the charged-particle channels are not small). The 2n+2np channel was on the high-side
of the measurements, and we were unable to obtain lower calculated values without using
physically-unreasonable level density parameters. In consequence, the calculated (7y,xn)
neutron production cross section was in good agreement with experiment [56,51] up to 30
MeV, but was on the high-side of the data from 30-37 MeV, where the 2n+2np channels

contribute. The absorption and the photoneutron cross sections are shown in Fig. 14.

H. IV.I. Oxygen and Carbon

We describe our results for carbon and oxygen in the same subsection because we adopted
the same evaluation procedure for these nuclei, which differs in certain respects from our
previous evaluations for heavier nuclei. Our evaluations for carbon and oxygen are dependent

to a greater extent on measured data compared to our evaluations for heavier target nuclei,
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which were mainly dependent upon nuclear statistical model calculations. One of the reasons
for this is the importance of direct reactions in which high energy neutrons and protons
are emitted, leaving the residual nucleus in its ground state [(y,n0) and (v, p0) reactions].
Furthermore, the statistical model is less reliable for compound nucleus calculations in light
nuclei (and see discussion in Sec. [V.G that addresses isospin considerations).

For oxygen, our evaluation of photonuclear reactions follows, to a large extent, the com-
prehensive analysis described by Fuller [37]. The photoabsorption cross section was evaluated
based on the data of Ahrens [50], that extend up to 150 MeV. Below 30 MeV, a constant
value of 2.78 mb was subtracted from these data, as recommended by Fuller, in order to
make these data consistent with the sum of other (v, n), (v, p), etc. data. However, no such
subtraction was made for energies above 50 MeV since this would result in negative cross
sections, and a smooth transition was used for the absorption cross section from 30 to 50
MeV, see Fig. 15, upper graph.

The (v,n0) and (v, p0) processes, which result in the residual nucleus being left in its
ground state, account for a significant fraction of the photonuclear cross section (particularly
for incident energies below 30 MeV). Therefore we first evaluate the 'O (v, n0) and (v, p0)
cross sections from the available experimental data. We adopt Fuller’s recommendations
[57] for these data (Fig. 15, upper graph), together with extensions to higher energies based
upon Phillips’ results [58]. In the case of the (v, p0) data, these are based on the inverse
process of proton capture. For the (v, n0) and (v, p0) we also provide angular distributions
in the ENDF file using Legendre polynomials. These were obtained from Phillips’ paper
(58], for both (7,n0) and (v,p0) !

The remaining cross section after (v,n0) and (7, p0) processes have occurred is modeled
with the GNASH code, and represented in the ENDF file using MT5, that is, as inclusive

'Note that Phillips’ text describing the (v, p0) Legendre is not consistent with the data in his

figure 7; Phillips advised us to use the graphical data rather than that based on the text.
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production data. Preequilibrium and compound decay processes are included. The result-
ing neutron emission contribution, when added to the (v, n0) cross section, was compared
(Fig. 15, lower graph) with Fuller's evaluation, and other measurements [51,59,60], and good
agreement was obtained.

For carbon, our evaluation also follows, to a large extent, the analysis described by Fuller
[57]. The photoabsorption cross section was evaluated based on the data of Ahrens {50}, that
extend up to 150 MeV. Below 30 MeV, a constant value of 0.7 mb was subtracted from these
data, as recommended by Fuller, see Fig. 16.

As was the case for oxygen, the carbon (v,n0) and (v, p0) reactions, which result in
the residual nucleus being left in its ground state, account for a significant fraction of the
photonuclear cross section below 30 MeV. Therefore again we first evaluate these cross
sections from the available experimental data (Fig. 17). We adopt Fuller’s recommendations
(57] in the GDR region; at higher energies our evaluation is based on the Matthews (61} data
at 60, 80, and 100 MeV for (v, p0) reactions, and we assume an equal cross section for the
(7, n0) reactions at these high energies motivated by the concept of quasideuteron reaction
mechanism. We adopted dipole angular distribution shapes (the only non-zero Legendre
coefficient being a2) taken from Ref. [57].

The remaining cross section after (v,n0) and (v, p0) have occurred is modeled with the
GNASH code, and represented in the ENDFE file using MT5 as inclusive production data.
Preequilibrium and compound decay processes are included. The resulting neutron emission
contribution, when added to the (y,n0) cross section, was compared with Fuller's evaluation
based on a renormalization of Fultz's data [56] by a factor 1.17. Reasonable agreement
for neutron production was obtained in the GDR peak (Fig. 16), though the calculations
overpredict neutron production (by as much as 30%) by 30 MeV. This failing is due to the
difficulties in using a Hauser-Feshbach code to model reactions on light nuclei. Finally, we
note that GNASH calculations [16] of proton emission spectra for 60 MeV incident photons

agreed well with the double differential data of McGeorge [29].
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V. CONCLUSIONS

We have described model calculations and evaluated data files for photonuclear reactions
on a number of materials important in accelerator technologies. These evaluations, which
we refer to collectively as the “LA150.G” library, will be submitted for inclusion in the
ENDF/B-VI library available from the National Nuclear Data Center at Brookhaven (1].
They are currently available over the internet at http://t2.lanl.gov/data/he.html, together
with plots of the data that include 2-D plots of cross sections and 3-D perspective plots of
the energy distributions for emitted particles and photons. We reiterate that a suite of over
160 photonuclear evaluations, including those described here, will shortly be released by the
International Atomic Energy Agency [9].

These data facilitate quantitative radiation transport calculations of the importance
of photonuclear reactions in a number of applications, including photoneutrons produced
in electron/photon accelerators, shielding studies, and nondestructive detection of nuclear
materials. The next back-to-back paper describes developments to the MCNP and MCNPX

codes to utilize these photonuclear data in fully-coupled transport simulations [4]
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FIG. 12. (a) Upper graph: Evaluated photonuclear absorption cross section for 4°Ca as a func-
tion of incident photon energy; (b) Lower graph: Evaluated photoneutron production cross section

from GNASH calculations for **Ca as a function of incident photon energy.
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FIG. 13. (a) Upper graph: Evaluated photonuclear absorption cross section for ?8Si as a function
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GNASH calculations for ?8Si as a function of incident photon energy.

43



50

,, “Al(y,abs)

40 -
= L
é ’

.30 - £ po = Ahrens (1975)
8 p ——— Evaluation
G 1
o] !
@ !
2 20 - i
Q .
Q
10 -
. 220 x‘ig«? R
0 —- »J A D —
0 20 40 60 80 100 120 140
incident energy (MeV)
25 .. BT arli eSS
“Al(y,xn)

20 - o Fultz {1966) :
- : = Veyssiere (1975) ;
-g ~—— GNASH calculation ]
g 15 - f
B !
Q B
[7/] - f
9 10 - |
g .

Q
5.
0 e N 5
10 15 20 25 30 35

Incident energy (MeV)

FIG. 14. (a) Upper graph: Evaluated photonuclear absorption cross section for 27Al as a func-

tion of incident photon energy; (b) Lower graph: Evaluated photoneutron production cross section
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